Microtissues containing multiple cell types have been used in both in vitro models and in vivo tissue repair applications. However, to improve through-put, there is a need to develop a platform that supports self-assembly of a large number of 3D microtissues containing multiple cell types in a dynamic suspension system. Thus, the objective of this study was to exploit the binding interaction between the negatively charged glycosaminoglycan, heparin, and a known heparin binding peptide to establish a method that promotes assembly of mesenchymal stem cell (MSC) spheroids into larger aggregates. We characterized heparin binding peptide (HEPpep) and heparin coatings on cell surfaces and determined the specificity of these coatings in promoting assembly of MSC spheroids in dynamic culture. Overall, combining spheroids with both coatings promoted up to 70±11% of spheroids to assemble in to multi-aggregate structures, as compared to only 10±4% assembly when cells having the heparin coating were cultured with cells coated with a scrambled peptide. These results suggest that this self-assembly method represents an exciting approach that may be applicable for a wide range of applications in which cell aggregation is desired.
Introduction
Microtissues formed from smaller tissue constructs or cells have been used in both in vitro models and in vivo tissue repair applications. 1, 2 Microtissue models can recapitulate tumor or tissue microenvironments for drug screening and have been typically executed in cellular arrays or microfluidic devices that provide a means to culture cells in either two-dimensions or three-dimensions (3D). [2] [3] [4] [5] For tissue repair purposes, assembled 3D microtissues aim to recapitulate multiple aspects of complex physiological microenvironments for efficient integration, both functionally and morphologically, with the defect tissue. [6] [7] [8] To create microtissues with multiple cell types, current methods include encapsulation in hydrogels, scaffold-free technologies, and microfluidic devices. Hydrogel encapsulation has been used to control organization of cell populations by encapsulating different cell types into separate sections or seeding all cell types in a mixed population in one single hydrogel. [9] [10] [11] Scaffold-free technologies utilize centrifugation or gravity to force cells into an aggregate form. In this approach, multiple cell types are typically mixed together and cultured together in one aggregate. 12, 13 Lastly, microfluidic systems have been used to form high throughput arrays of small microtissues. Spatial organization of different cell types is typically achieved by introducing different cell types into the small specialized devices sequentially to allow for each cell type to interact and bind with each other. [14] [15] [16] [17] While these methods have all shown have the ability to produce multicellular microtissues, there are disadvantages to each of these approaches. In encapsulation and scaffold-free technologies, formation is typically performed at a single microtissue scale, in which one hydrogel or one aggregate is produced at a time. 11, 18 While microfluidic devices have the ability to produce multiple microtissues simultaneously, 2,3,15 the number formed is limited by the number of devices that need to be used. Another shortcoming is that formation of microtissues with multiple cell types requiring physical placement of different populations adjacent to each other often require external biomaterials, such as hydrogels or microparticles, or specialized devices, such as microfluidic devices, to support assembly. 10, 19 Finally, previous methods have typically developed microtissues under static conditions, as opposed to dynamic culture, that can provide mixing and diffusion of nutrients and oxygen to promote higher viability of the cells within the microtissue construct. 8 Given the limitations of current microtissue assembly technologies, the long-term goal of this work is to develop a platform that supports simultaneous self-assembly of a large number of 3D microtissues containing multiple cell types in a dynamic suspension system. As a step toward this goal, MSC spheroids were chosen as the model cell type in these studies because these cells have been extensively used in numerous microtissue applications, including cartilage, hepatic, vascularized tissues and bone marrow niches. 8, [20] [21] [22] [23] To achieve self-assembly, we utilized a cell coating that has been previously developed in our laboratory that uses layer-by-layer technology using biotin, and avidin to graft a biotinylated glycosaminoglycan (GAG), heparin, onto cell surfaces prior to formation of small spheroids. 24 Heparin (Hep) is a negatively charged naturally derived polysaccharide that is known to interact with growth factors such as fibroblast growth factor-2 (FGF-2). 25, 26 Specific heparin binding sites have been identified on FGF-2, and one of these sequences has been synthesized into a short sequence known as a heparin binding peptide (HEPpep). This peptide has been previously used as part of a self-assembled monolayer that is able to specifically sequester heparin from culture media. 27, 28 Thus, the objective of this study was to investigate the use of HEPpep and heparin coatings on assembly of small aggregates of MSCs (MSC spheroids) into larger microtissues in a dynamic 3D culture system (see Figure 1 ). We examined the utility of these coatings in promoting assembly of MSC spheroids in dynamic, rotary culture and determined the relative specificity of this interaction by comparing cellular assembly between HEPpep/ heparin coatings vs. assembly with the use of either a scrambled peptide coating (Scramble) or a desulfated heparin coating (Hep-). In particular, it was hypothesized that the interaction between HEPpep and heparin would result in greater cellular assembly compared to interactions involving the scrambled peptide (same overall net charge and amino acid composition, but different sequence) 27 , or the desulfated heparin coating (less overall negative charge 29 .
Results and Discussion
In preliminary studies, confocal imaging ( Figure 2 ) revealed that, by using a layer-by-layer coating procedure (see schematic in Figure 1 ), biotinylated HEPpep peptide and biotinylated natively sulfated heparin (Hep) were grafted on cell surfaces and did not disturb spheroid formation. Biotinylated fully desulfated heparin (Hep-) can also be grafted onto cell surfaces of spheroids and has been visualized for up to 14 days. 30 At day 1 and day 3 after coating, both fluorescently tagged HEPpep and Hep were visualized in red on cell surfaces throughout the entire spheroid ( Figure 2A -B, D-E). Additionally, LIVE/DEAD staining revealed that after 3 days, coated cells in spheroids remained viable ( Figure 2C -F). While other systems have grafted the HEPpep sequence to 2D surfaces, 27 this is the first reported example of grafting this peptide sequence onto cell surfaces For the cellular aggregation studies, assembly of spheroids with a HEPpep coating can occur in two forms: culture in environments containing soluble GAGs or culture with Hep coated spheroids (see Figure 1 ). To quantify the specificity of the HEPpep coating and its effects on spheroid assembly, coated spheroids were cultured in media containing soluble GAG and the diameter of all spheroids in each population was measured. After 24 hours, none of the control populations (noncoated cultured in the presence of soluble GAG and coated spheroids cultured by themselves) exhibit spheroid assembly and the average diameter of each population was not significantly different from each other ( Figure S1 ). Measurements from these control populations were used to establish a cut-off diameter that were utilized in the analysis of spheroid assembly (see Methods section and Figure S1 ),
In further studies examining the effects of soluble GAGs in the media, it was observed that only HEPpep coated spheroids formed larger constructs when cultured in media containing soluble Hep or Hep-( Figure 3 ; 34±6% for Hep or 37±5% for Hep-of the entire population had diameters larger than the cutoff size). In contrast, percentage of population with spheroids larger than the cutoff size was not significantly different than the control population when HEPpep coated spheroids were cultured in basal (no GAG) media (6±5%) or when Scrambled-coated spheroids were cultured under any conditions (13±7% in Hep, 10±2% in Hep-, and 8±6% in basal) ( Figure 3C -F, Table 1 ).
Because HEPpep presents a sequence specific for heparin binding, we believe that soluble Hep can act as a crosslinker to bring together these HEPpep coated spheroids while in rotary culture. This specific interaction has been observed previous reports that have shown that HEPpep grafted to a 2D surface is able to sequester heparin from culture supplements. 27 Contrary to our hypothesis, the similar results observed with Hep-in the media indicates that Hep-may retain a similar enough 3D structure to interact with HEPpep to form larger assembled spheroids. While 3D conformation is likely affected through sulfate group removal, exactly how that affects the GAG sequence recognition by HEPpep remains unclear. 31 However, the general concept of specific interaction between HEPpep and heparin derivatives is supported by data using the scrambled peptide that has the same level of positive charge as the HEPpep sequence but does not express a specific heparin binding site, which did not promote assembly.
In subsequent experiments, the assembly of spheroid populations with different coatings was also observed to be specific to HEPpep-Hep interactions. In these studies, the peptidecoated cells were tagged with CellTracker Orange (Molecular Probes) so assembly could be tracked (Figure 4 ). When HEPpep coated spheroids were cultured with Hep coated spheroids, the percentage of aggregates with diameters above the cutoff size was 70±11%, which was significantly greater than the percentage calculated in control populations containing noncoated spheroids or coated spheroids cultured without binding partners. Interestingly, when the ratio of HEPpep coated spheroids to Hep coated spheroids in culture was varied, at the ratio of 10:1, no assembly of spheroids was observed over 24 hours. This may indicate a ratio (10-fold excess of one of the spheroid types) at which no assembly of different spheroid populations will occur due to a lack of sufficient partner molecules for binding ( Figure S2 ).
Additionally, 27±4% of the spheroids had larger diameters when HEPpep coated spheroids were cultured with Hep-coated spheroids, which was also significantly higher compared to the control groups. However, percentages of larger aggregates when HEPpep and Hep-coated groups were cultured together were significantly less than when HEPpep and Hep groups were co-cultured (Table 2) . This, combined with the data from Figure 3 , indicates that, while there is some interaction between the HEPpep and Hep-coatings, it likely does not have the same affinity as the interaction between HEPpep and Hep coatings. This is in accordance with previous findings that that specific GAG sulfation locations (N-and 2-O) are required for FGF-2 binding and activation. 30, 32 Therefore, it would be expected that interaction with HEPpep, which is derived from a heparin binding site of FGF-2, would be reduced upon heparin desulfation.
Examining other combinations, only 12±5% of the spheroids was greater than cutoff size when HEPpep coated spheroids were cultured with noncoated spheroids ( Table 2) . When Scrambled coated spheroids were cultured with the Hep coated, Hep-coated or noncoated spheroids, 10±4%, 9±6%, and 6±2% of each population, respectively, had diameters above the cutoff size, all of which were not significantly different when compared to the control populations containing noncoated spheroids and coated spheroids cultured by themselves ( Figure 4C -F, Table 2 ), further indicating that it is the interaction between the GAG and HEPpep coatings that drives multi-spheroid aggregate formation in this system.
To date, this is the first reported study of microtissue assembly from smaller MSC building blocks in a dynamic system of culture. However, we have identified certain limitations in this system that will need to be further addressed in future work. While only one cell type was used in this study, we have previously shown the ability to assemble coated spheroids using different cell types, 24, 33, 34 facilitating future development of multicellular microtissues that can be cultured for tissue model or repair applications. Additionally, in these studies, we demonstrated that while assembly can occur between HEPpep and Hep coated spheroids at efficiencies of up to 70%, further control over the relative cellular composition of aggregates formed may be necessary. Specifically, further examination of this system is required to determine the effect of altering the ratio of cells of each population, the size of the spheroid to be assembled, and rotation speed during dynamic culture, on the cellular composition of the aggregates formed. This system also does not address cellular rearrangement that may occur after aggregation, which may eventually result in mixing of the cells within the larger assembly. 18, 35 Finally, long-term function of the assembled organoids, including cellular differentiation, should be assessed.
Conclusions
We have shown in these studies that, by exploiting the ability of heparin to bind to particular peptide sequences, microtissues can be built by smaller building block aggregates in suspension, and that this interaction is specific, with the combination of fully sulfated heparin and HEPpep coatings resulting in the greatest aggregation. The dynamic nature of the culture system in which assembly occurs represents a technology that is amenable to large scale up bioprocesses, an aspect that has not been previously addressed in microtissue research. Thus, this self-assembly method represents an exciting technology that may be amenable to a wide range of applications in which cell aggregation is desired, from in in vitro tissue modeling to in vivo tissue repair applications.
Materials and Methods

MSC expansion
MSCs derived from human bone marrow aspirates were obtained from the Texas A&M Health Sciences Center and cultured using established protocols. 24, 30 For details, see supplemental information.
Materials synthesis
Desulfation of heparin was performed via acidic methanol treatment for 6 days, as previously published, 29 and conjugated with biotin as per. 30 Biotinylated HEPpep (Biotin-NH 2 -(CH 2 ) 4 -GKRTGQYKLG-NH 2 ) and biotinylated Scramble peptide (Biotin-NH 2 -(CH 2 ) 4 -GTYRKKGLQG-NH 2 ) were both purchased from Aapptec, Louisville, KY. Alexa-Fluor 633 conjugation to HEPpep and heparin was performed by EDC coupling in 0.1 M sodium bicarbonate buffer containing 10 mg/mL HEPpep or heparin, 10mM AlexaFluor® −633-hydrazide (Invitrogen), 20 μM EDC. 30 See supplementary information for more details on materials synthesis.
MSC coating and spheroid formation
HEPpep and heparin coating and spheroid formation was performed as previously published, 24, 30 (see supplementary information for details). Assembly of coated spheroids were performed either by incubating coated spheroids in media containing soluble GAG or by incubating GAG-coated and peptide-coated spheroids together (see supplemental information for details). For all experiments, spheroids were cultured for 24 hours on rotary at 65rpm, after which, samples were collected, fixed with 10% neutral buffered formalin and imaged under phase microscopy (Inverted Nikon TE 200 microscope). For cell viability studies, at days 1 and 3 after coating, spheroids were collected, washed in PBS and stained with LIVE/DEAD staining solution (calcein AM at 1 μM and ethidium homodimer-1 at 1 μM, Invitrogen) and imaged under confocal microscopy at excitation wavelength 494 nm and emission wavelength of 517 nm.
Statistical analysis
To determine % spheroids assembled, the diameters that were determined at the upper 5% of the population for all control groups were averaged and set as the cutoff size. For experimental groups, the cutoff size was applied to each population and the percentage of measured diameters above that size was reported. The sub-population of diameters for each group that was larger than the cutoff size was statically compared using a one-way analysis of variance with Tukey's post hoc multiple comparisons test (p<0.05) in Minitab (v.15.1).
To compare the percentages, the resampling method of bootstrapping was used to produce variance for each population. 36, 37 Bootstrap resampling was performed in MATLAB and 900 diameters were chosen at random from the original population to create a new set of measurements. This was performed three times to create triplicates for each experimental group. Percentage of diameters above the cutoff size from each resampled population was then determined. Average percentages for each experimental group was calculated and statistically compared using a one-way analysis of variance with Tukey's post hoc multiple comparisons test (p<0.05) to determine statistical difference between groups in Minitab. HEPpep-coated spheroids increased in diameter when cultured for 24 hours in serum-free media containing soluble Hep or Hep-. Phase image (top) and histogram of aggregate diameters (bottom) of HEPpep-coated aggregates cultured in serum-free media containing (A) 5mg/mL heparin (B) 5mg/mL desulfated heparin or (C) basal conditions. Phase image (above) and histogram of aggregate diameters (below) of Scramble-coated aggregates cultured in serum-free media containing (D) 5mg/mL heparin, (E) 5mg/mL desulfated heparin, or (F) basal conditions. Scale bar = 100μm, n = ~1500 spheroids in total, red line 
